Two different Sandia MEMS devices have been tested in a high-g environment to determine their performance and survivability. The first test was performed using a drop-table to produce a peak acceleration load of 1792 g's over a period of 1.5 ms. For the second test the MEMS devices were assembled in a gun-fired penetrator and shot into a cement target at the Army Waterways Experiment Station in Vicksburg Mississippi. This test resulted in a peak acceleration of 7191 g's for a duration of 5.5 ms. The MEMS devices were instrumented using the MEMS Diagnostic Extraction System (MDES), which is capable of driving the devices and recording the device output data during the high-g event, providing in-flight data to assess the device performance. A total of six devices were monitored during the experiments, four mechanical non-volatile memory devices (MNVM) and two Silicon Reentry Switches (SiRES). All six devices functioned properly before, during, and after each high-g test without a single failure. This is the first known test under flight conditions of an active, powered MEMS device at Sandia.
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Introduction
Microelectromechanical Systems (MEMS) technologies are being studied to determine their robustness to high-g shock and vibration environments. They are expected to perform well due to their relatively low mass. High-g tests have been conducted in the past on various Sandia MEMS components; however, they have all been performed on passive un-powered devices [1] [2] [3] [4] [5] . In these past experiments, device functionality was verified before and after shock testing but data had not been available on performance during the acceleration environment.
This report summarizes the results of two high-g tests performed on two different Sandia MEMS devices. In each experiment, the MEMS devices under test were operating during the acceleration event, and performance data was logged using a newly developed diagnostic extraction system allowing for analysis of device operation during the acceleration load. The first shock test was performed using a drop-table to generate a peak acceleration load of 1792 g's over a duration of approximately 1.5 milliseconds. In the second test the device was assembled in a gun-fired penetrator and shot into a cement target producing a peak deceleration of 7191 g's for a duration of 5.5 milliseconds.
Test Devices
Two different MEMS devices were tested simultaneously during the shock tests, the mechanical non-volatile memory and Silicon Re-entry Switch. Each device was packaged and mounted on a printed circuit board with associated drive and output electronics. These circuit boards were then mounted inside a stainless steel test housing that was designed to fit within the allocated volume of the penetrator experiment, and to make electrical interface with the MEMS Data Extraction System (MDES). A picture of the assembled test housing is shown in Figure 2 -1. After assembly and wiring of the boards in the test unit, the free volume was potted with an epoxy that provided component stability during the high-g tests.
The connection to the MDES battery is not expected to survive the launch and impact environment, so the test unit was designed to operate under its own power for several seconds after launch. So, in addition to the four test boards (MNVM1, MNVM2, SiRES1 and SiRES2), there are also two capattery boards, connected in series. Each capattery board contains a 22 milli-Farad capacitor, and is charged to 18 V by the MDES system battery before the launch event.
Mechanical Non-Volatile Memory
The mechanical non-volatile memory device (MNVM) is a surface-micromachined SUMMiT V design. It is a latching DC micro-relay where the open or closed state of the relay is used to store a single bit of data. As the relay is toggled, it makes or breaks a pair of metallized contacts that provide an electrical output to monitor the switch position. Power is required to switch the state of the relay, but once set in the open or closed position it will remain there indefinitely without power.
The MNVM switch is based on a compliant bistable mechanism design [6, 7] , with thermal actuators used to toggle the device between open and closed states [8, 9] . An image of the device is shown in Figure 2 -2, with the CAD layout superimposed on the photo to better illustrate the function of the device. The mechanism and actuators are not visible because they are protected by the uppermost polysilicon layer in the SUMMiT V TM process. This upper layer is used as a shadow-mask for the post-release metal evaporation step that creates the switch's metal contact surfaces. 
Thermal Actuators Bistable Mechanism
Contact points A printed circuit board was designed to generate the necessary drive signals for the MNVM device, and to provide an analog output to the MDES unit (shown as MNVM1 and MNVM2 in Figure 2-1) . A schematic of the MNVM layout on this board, along with the generated input signals is shown in Figure 2-3 (a) . The "open" and "close" thermal actuators require an input square pulse with an amplitude of 7.2 V, and a pulse width of at least 750 microseconds. To improve contact lifetime and performance, the device is operated in a cold-switching mode where power to the contacts is turned off for each switch event. After every switch toggle, power to the contact is turned on momentarily to determine the switch position. The input signals generated by the NVM circuit board as inputs to the device package are shown in The drive circuitry uses an adjustable voltage regulator to reduce the system voltage to 8.0 volts, which provides voltage not only to the circuit logic but also to the drain of an Nchannel FET. Taking into consideration the gate to source voltage drop of 0.8 volts, the output voltage to the device is on the order of 7.2 volts as required by the thermal actuators. For simplicity in the board design, this same voltage is used for the contact input. However, the MDES data recorder requires a maximum of 5.0 volts on the analog and digital inputs. The resistors, R 1 and R 2 , shown in Figure 2-3 (a) are used as a voltage divider and maintain a 4.9 volt level to the MDES recorder when the switch is in the open state. When closed, the contact resistance across the switch is much less than the value of R 1 , causing the voltage at the data acquisition point to drop to less than 1.0 volt. The expected input to the MDES system for the MNVM device is shown in Figure 2 The SUMMiT V TM die was packaged in a 16-pin narrow well dual in-line package. Each die contained two devices that were wire-bonded for test. One of these devices was cycled as described above, with the output of the switch recorded using an analog channel on the MDES unit. The other device was not actuated, but the contact output was continuously monitored on a digital MDES channel to determine if the switch toggled states on its own under the applied acceleration load. Two boards were included in the final test housing as shown in Figure 2 mechanism would be pushed closed by the deceleration at impact, and the MNVM2 board is oriented such that the switches would be pushed open on impact.
Silicon Re-Entry Switch
The Silicon Re-Entry Switch (SiRES) is a bulk micromachined acceleration switch made using silicon-on-insulator technology. It uses a piece of the silicon substrate as a proof-mass, patterned using deep reactive-ion etching, suspended by a set of springs patterned out of the top silicon layer on the SOI wafer. When the proof-mass is deflected under an acceleration load it closes a metallized contact. The designed set-point for the devices used in this test is 12-15 g's.
When installed in the test housing, the SiRES1 board is oriented such that the switch will be pushed open on impact, with the SiRES2 board rotated 180 degrees such that it will be pushed into the closed position by the deceleration at impact. The switch state is monitored by measuring the voltage drop across a pull-up resistor at 4.5 volts. When open, the measurement will read 4.5 volts, and when closed it will be 0 volts with respect to ground. Both switch outputs are recorded using separate analog input channels on the MDES unit.
MEMS Diagnostic Extraction System
To demonstrate the performance of MEMS devices under penetration and other high-g environments, the device must be instrumented and data recorded during the flight. The MEMS Diagnostic Extraction System (MDES) was developed under LDRD funding to meet this need and provide a flexible platform that would allow MEMS devices to be powered and monitored on flight tests of opportunity, without interfering with the tests' primary purpose. The MDES unit is capable of generating needed input stimulus for the device under test as well as logging data from the device for post-test examination. A three-axis accelerometer is included in the system to provide information on the acceleration environment seen by the device. More information on the MDES system can be found in the final LDRD SAND report that will be published at the end of 2005 [10] . A picture of the MDES unit, adjacent to the MNVM/Sires test unit, is shown in Figure 3-1 . While the MDES unit is capable of generating both analog and digital outputs to the device under test, this capability is not utilized in this work due to the independent nature of the MNVM/SiRES test unit's circuitry which provided the required drive signals. An 18 volt DC input power and ground were provided by MDES to the test unit. The electrical connection between the MDES unit and the test unit is provided by a 19-pin Nanonics connector.
The data recorder on the MDES unit captures voltage data at a rate of approximately 78.15 kHz. Three analog channels are reserved for the three-axis accelerometer data, two are used for the active MNVM devices, and two for the SiRES output. Two additional digital channels are used to record the state of the two passive MNVM devices to determine if they change states due to the acceleration load while un-powered.
Drop Table Test
The first test that was performed utilized a drop table to generate 1792 g's over a 1.5 millisecond duration. The MDES and test units were assembled in a cylindrical aluminum housing with bolt holes that allow the housing to be directly mounted onto the shock table as shown in Figure 4 -1. The test set up requires a wire tether to remain attached to the test block to provide power to the unit.
Plots of the captured data from the test are shown in Figure 4 -2. The two digital channels monitoring the un-powered MNVM devices are not shown; however, they were both recorded at a constant high value indicating that the devices did not change state due to the acceleration load. As can be seen in the data plots, there is some cross-talk coupled between the analog channels. This is evident when comparing the SiRES data plots, where a small square-wave appears superimposed on the SiRES1 data plot that is not present in the SiRES2 data. Similarly, a small amplitude square wave signal is superimposed on both of the MNVM data plots. However, the amplitude of this cross-talk induced by the MNVM channels is small and may be considered negligible when interpreting the test results.
The MNVM1 device is oriented such that the switch is pushed closed by the impact deceleration. The deceleration pulse occurred while the device was switching from closed to open, resulting in a worst-case loading condition. The MNVM2 device is rotated 180 degrees in the housing with respect to the MNVM1 device, and it also experienced worst case loading while switching from open to closed. Both MNVM devices functioned through the acceleration pulse without any errors in their behavior.
Based on the orientation and design of the SiRES test units in the housing (see Section 2.2), they also functioned properly. SiRES1 remaining open during the test and SiRES2 closed on impact and then re-opened. Acceleration (g's)
Gun Test
The second test was performed at the Army Corps of Engineers Waterways Experiment Station in Vicksburg Mississippi. The test units (MDES and MNVM/SiRES) were assembled in a penetrator and fired out of a horizontal breech-loaded gun into a cement target. The gun and target are both shown in Figure 5 -1. The penetrator shell when fully assembled weighed 13.692 kg, and was 3.0 inches in diameter and 22 inches long. It entered the target at a speed of 885 ft/sec, with a peak acceleration seen on launch of 1282 g's and the peak deceleration on impact of 7191 g's. The impact pulse duration was 5.5 milliseconds in duration. The penetrator was completely buried in the target with the final rest position of the back of the penetrator shell at a depth of 9 inches from the concrete surface as shown in Figure 5 -2.
The data recorded by MDES for the devices under test is shown in Figure 5 -3. For both MNVM devices, a second plot is shown with the scale adjusted to focus on the impact event. Crosstalk is still visible on the MNVM and SiRES1 data traces, but the magnitude is small and may be considered negligible during the analysis. Again, both MNVM parts operated without error through the launch and impact sequence. With an impact duration of 5.5 milliseconds the MNVM devices demonstrate robust operation through three switch events under load. The only change observed through the test is a reduction in the voltage measured on MNVM1 while in the closed state during the impact. This lower voltage corresponds to a reduction in contact resistance for this single switch event. Based on the orientation of this device, this result is consistent with an increase in contact force due to the acceleration load. As with the previous test, the data is not shown for the un-powered devices, but they did remain open as expected during the entire test.
Even though the SiRES devices are not designed or intended to operate under such high acceleration loads, they also perform well in this test. SiRES1 closes during launch and then re-opens during the impact event, while SiRES2 closes only during the impact. Some contact chatter is present on both devices during the penetrator flight through the gun barrel, which can be attributed to vibration levels in excess of the 12-15 g set point of the device.
Conclusions
High-g operational testing has been successfully performed on two different Sandia MEMS devices using both a drop-table and a gun-fired penetrator test. This is the first known test under flight conditions of a powered, active Sandia MEMS device. Maximum acceleration loads of up to 7191 g's were recorded, and both the mechanical non-volatile memory and Silicon Re-Entry Switch not only survived, but continued to operate correctly during these acceleration environments.
